Abstract Cementless fixation depends on bone ingrowth for long-term success. Simvastatin as a lipid lowering agent has been demonstrated to have osteoanabolic effects. This study was designed to measure the possible effect of simvastatin on implant osseointegration. Bilateral femoral implantation of titanium cylinders was performed in 20 rabbits. Blood lipid levels were measured pre-and postoperatively. Scanning electron microscopy (SEM) was used to measure the percentage of the surface of each implant in contact with bone and mechanical pull-out testing was performed. The blood lipid levels were significantly reduced in the simvastatin group. Histomorphometric examination revealed increased bone ingrowth and mechanical examination showed increased interface strength in the simvastatin group. Mechanical and histological data showed superior stability and osseous adaptation at the bone/ implant interface for the simvastatin group. We conclude that simvastatin has potential as a means of enhancing bone ingrowth, which is a key factor in the longevity of cementless implants.
Introduction
Osseointegration after primary stabilisation is of critical importance for the long-term outcome of joint replacement surgery. Although implant design, material and surgical technique were the main factors responsible for the primary stability, biomechanical forces, patient variables and surface coatings affect osseointegration [4] . Several materials have been used in order to accelerate and enhance this process, including surface coatings such as hydroxyapatite-coated implants or experimentally the use of growth factors [4, 6, 11, 19, 21] .
Simvastatin is a hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor and a potent lipid lowering drug [22] . In addition to a lipid lowering effect, it stimulates bone growth, mostly by increasing the expression of BMP-2 and 4, but it also has osteogenic effects independent from these factors [9, 22] . Although the detailed mechanism of this osteogenic action of simvastatin is still unclear, rhokinase inhibition, differentiation of endothelial progenitor cells with Akt protein kinase, osteoblastic differentiation and its effect on vitamin K metabolism are possible explanations for the mode of action [9, 14, 16] . Clinically, simvastatin has also been shown to increase bone mineral density and reduce the incidence of osteoporotic fractures in several retrospective series [1, 15, 17] .
Realising the potential for improving osseointegration, we wondered precisely how simvastatin may effect osseous response in an arthroplasty model by its stimulatory effect on bone growth. This hypothesis was tested in a small animal model of arthroplasty in which the influence of simvastatin was examined mechanically and histologically in bone growth.
Materials and methods
Bilateral distal femoral intramedullary implantation of titanium cylinders was performed in 20 skeletally mature male New Zealand white rabbits with a mean weight of 2.9 kg (range; 2.7-3.5 kg), after obtaining approval from the Animal Research Ethical Committee. General anaesthesia was induced by intramuscular administration of 80 mg/ kg ketamine. Blood samples were obtained in order to measure the blood lipid levels. Both legs were prepped and draped. A median skin incision and a medial parapatellar approach was used to expose the femur. Gentle reaming to a diameter of 4.5 mm was performed in the intramedullary canal of the femur with a low-speed drill. An implant was inserted in a press-fit fashion into the bone tunnel. The implants were titanium alloy (Ti-6Al-4V) grit-blasted cylinders 10 mm long and 5 mm in diameter and specifically manufactured for this study. One end of the implant was threaded for fixation to an adapter for mechanical testing. Simvastatin was obtained from the manufacturer (Merck Sharpe Dohme, West Chester, Pennsylvania) as a pure compound. An alkaline hydrolysis method was used for the activation of simvastatin as previously described [23] . The experimental group received 50 mg/kg/day subcutaneous injections and the control group received the same volume of saline (1 cc) daily for six weeks. For histological and mechanical evaluation, all of the rabbits were sacrificed at six weeks with intravenous barbiturate. Blood chemistry analysis included total cholesterol and triglyceride levels. The joints were exposed and the femora were harvested en bloc. Anteroposterior and lateral radiographs of the specimens were taken immediately after harvesting. Each specimen from each rabbit was used for both stress testing and histological analysis. One femur wrapped in salinesoaked gauze was immediately frozen to −60°C and then used for the mechanical testing of fixation strength. Another femur was preserved for histological analysis.
For mechanical testing, the frozen femora were defrosted in physiological saline at room temperature. Tests were performed on a hydroelectric materials testing system (model 1123, Instron, Canton, Massachusetts). The implanted femur was embedded in acrylic cement and tested within one hour of preparation. The implant was pulled out of the potted bone at a constant rate of 1mm/min and the maximal force reached before failure was recorded. The maximal value was converted to megapascals (force divided by surface area of the implant).
For histological evaluation, the plugs were embedded in methylmethacrylate after fixation and immersion with alcohol. Three samples for each implant were sectioned (2 mm in thickness) using a low-speed diamond wheel saw microtome. After grinding and polishing one surface of each section, the specimens were coated with goldpalladium (Emitech K550x, England) and processed for backscattered scanning electron microscopic (BSEM) examination. A Leo 438VP scanning electron microscope (England) equipped with a backscattered electron (BSE) detector was used for BSEM imaging with accelerating voltages at 25 kV. Image grey-scale values were separated into three levels: bone, soft tissue and implant. Osseointegration has been defined as the direct contact between bone and implant [13] . The percentage of the surface of each implant in direct contact with bone determined the percent osseointegration [8, 24] . A total of six neighbouring images were obtained from each section to determine the total bone/implant area at 35× magnification (Fig. 1 ). Those six images were then assembled to reproduce the total bone/ implant interface area for analysis (Fig. 2) . In the region of interest, the total area of the three different structures were calculated by thresholding the grey levels using Zeiss LSM 510 software (Germany). Therefore, a calculation was made from: i) total implant surface; ii) total bone trabecular surface; iii) total area of soft tissues [18] .
The mean and standard deviation values were calculated for all data. Comparisons of the histomorphometric data and mechanical data were performed using the Student's t-test variance analysis and correlation analysis. p values of <0.05 were considered to be significant. The data obtained was analysed using SPSS (Statistical Package for Social Sciences) Windows release 11.5.
Results
All animals successfully completed the study and all groups had a minimum of six specimens available for complete analysis. The mean blood lipid levels pre-and postoperatively for the simvastatin-treated and control groups are presented in Table 1 , including the total cholesterol and triglyceride levels. There was a significant decrease ( p< 0.05) in the simvastatin-treated group. Radiological examination at the time of sacrifice revealed no translucent or sclerotic areas and no implant migration was noticed on the bone surface surrounding the implant. The average forces measured during pull-out testing with an Instron testing device were as follows; the mean applied distractive forces were 2.08 MPa (mean SD=0.60) in the control group and 3.10 MPa (mean SD=0.84) in the simvastatin group. The fixation strength of the simvastatin group was significantly higher ( p<0.05) than those of the control group. The results of the quantitative BESM examination revealed that the percentage bone growth was 22.5% (mean SD=3.7) in the control group and 31.8% (mean SD=5.2) in the simvastatin group (Fig. 2) . These values were found to be significantly different ( p<0.05) between the two groups of animals. Overall, bone ingrowth was higher in the simvastatin group when compared to the control group.
Discussion
In the biological fixation of cementless arthroplasty, recipient bone is used to obtain a sufficient interference fit, which provides short-term stability to allow adequate ingrowth, thus, maintaining long-term fixation. In the field of prosthetic research, considerable efforts have been made to develop new techniques for the porous surface to enhance bone ingrowth, thereby, improving the longevity of joint replacements. Regional bone remodelling and success of the joint replacement can vary with the prosthesis design and surface modifications, which can be evaluated with efficient in vivo measurement techniques, such as quantitative computed tomography (CT)-assisted osteodensitometry [10, 11, 19, 20] . Current methods of enhancing bony apposition mainly include bioactive coats and texturing of the implant [2] . Clinically, these modifications with Fig. 1 a Backscattered scanning electron microscopic (BSEM) image of the control group, demonstrating a lesser amount of osseointegration. 250 grey-level thresholding was implemented to differentiate the constituents in the bone/implant surface, where the implant surface was transformed into absolute black (grey level=0.36, bar=300 micrometres). b BSEM images of the simvastatin group sample, demonstrating a greater amount of osseointegration improved bone ingrowth capacity also had preventive effects on osteolysis, which is an important factor for longevity of the implant [21] . Additionally, several local factors have been reported to play a role on osseointegration, including transforming growth factor-B, osteoblasts and autogenous bone graft [12, 24] . However, all have remained experimental and none have gained wide clinical application.
Simvastatin, as a member of the lipid lowering statin family, can promote bone formation, as shown by Mundy et al. [17] . Statins have been shown to activate the promoter of the bone morphogenetic protein-2 (BMP-2) gene in osteoblasts and decrease the number of osteoclasts in vitro [17, 18] . BMP-2 is one of the most potent osteoconductive proteins involved in the recruitment, proliferation and differentiation of osteoprogenitor cells, resulting in bone formation [25] . Simvastatin also increases cancellous bone volume, bone formation rate (BFR) and cancellous bone compressive strength in vivo [16] . Our study was undertaken to test the hypothesis that simvastatin could be used to enhance bone ingrowth in joint replacement. The minimally loaded intramedullary implantation model, in male rabbits only, was chosen because the effect of the drug could be isolated from confounding factors, such as implant design, loading conditions and hormonal factors. Since orally administered statins are subject to hepatic first-pass metabolism, the bioavailability of statins to bone sites may be impaired, alkali hydrolysis and parenteral administration of simvastatin was preferred in our study [25] . The blood chemistry obtained before and after the study revealed a significant (p<0.05) decrease in cholesterol levels, which was in concordance with an active compound in the circulation lowering the blood lipid levels.
Osseous integration can be evaluated with mechanical testing and radiological and histological examination. In mechanical testing, pull-out and push-out tests are the most frequently used tests for measuring the maximal force reached before failure. Pull-out tests are more suitable for intramedullary implantation models [7] . Feighan et al. [3] , Goldberg et al. [5] and D'Lima et al. [2] reported interface strengths of approximately from 2 to 3 MPa in similar rabbit arthroplasty models designed for investigating the influence of surface blasting on implant fixation. All three authors demonstrated no significant differences in interface strengths among the different surface blasting techniques. In our study, the mechanical tests revealed significantly higher ( p<0.05) interface strengths in the drug group compared to the control group, suggesting a positive effect of simvastatin on osseointegration.
Histomorphological examination of osseointegration was usually performed with scanning electron microscopy in the backscattered mode [2, 8] . Goldberg et al. [5] demonstrated that 31% of their surface was in contact with bone and Feighan et al. [3] reported values between 30% and 35%. D'Lima et al. [2] reported different percentages from 30% to 58% in diaphyseal and metaphyseal samples in gritblasted implants in analogous rabbit models. In our study, we were able to show that the bone to soft tissue-implant ratio was significantly ( p<0.05) higher in the simvastatin group (31.8%) when compared to the control group (22.5%). In the light of these findings, it seems reasonable to assume that the osteoanabolic effects of simvastatin on bone formation may also enhance osseointegration on metallic implants.
A migrated implant or the presence of radiolucent lines on plain roentgenograms are indicators of mechanical instability associated with failed osseointegration and poor clinical results [26] . There were no significant differences on radiological examination (radiolucent lines and implant migration) between the two groups; the absence of mechanical loading in our experimental model may be used as an explanation for this finding. Therefore, plain roentgenograms provided no valuable information regarding the bone ingrowth in our study. Overall, the histological analysis and mechanical testing of the implants support the conclusion that the implant was integrated well into the bone.
This study was subject to certain limitations. First, the animal model used here was developed to investigate the effect of materials and drugs and, therefore, avoids mechanical load, which is an important factor in the clinical setting. Second, the number of animals and histological specimens were limited. Histomorphometric, radiographic and mechanical data were all evaluated in view of the small sample size. Despite these shortcomings, good osseointegration with the implant was observed.
In this study, the overall osseointegration in the simvastatin group was significantly higher than that of the control group. Ultimately, controlled clinical trials are needed to determine the role of simvastatin for the enhancement of bone ingrowth and the prevention of early migration in humans, especially in cementless prostheses for severely osteoporotic patients.
We conclude that simvastatin has the potential to enhance osseointegration in a rabbit arthroplasty model. Mechanical and histological data showed superior stability and osseous adaptation at the bone/implant interface for the simvastatin group. Our new findings suggest that statins, such as simvastatin, may have potential in osseointegration enhancement in cementless fixation in total and revision joint replacement.
